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1 NOMENCLATURE 
D  Diameter of a cylinder 
Dbase 
 Diameter of the base of a non-uniform 
cylindrical structure 
Deq 
 Equivalent pile diameter (according to 
Coleman, 2005) 
Dshaft 
 Diameter of the upper shaft of a non-
uniform cylindrical structure 
D50 
 Mean sediment size of cohesioneless 
sediment 
Fr  Froude Number 
GBF  Gravity Based Foundation 
h  Flow depth 
hbase 
 Height of the base of base of cylindrical 
based non-uniform cylindrical structure 
LDV  Laser Doppler Velocitymeter 
Re  Reynolds Number 
S  Scour depth 
Seq  Equilibrium scour depth 
t  time 
U  depth averaged flow velocity 
Uc 
 Critical depth averaged flow velocity 
for bed sediment movement 
Y 
 Height of the foundation base taken as 
the height from the bed up to the top of 
the conical base 
z  Distance from bed 
σg 
 Geometric standard deviation of non-
cohesive bed material 
2 INTRODUCTION  
Research into scour at offshore foundations has pri-
marily focused on investigating the impact of differ-
ent hydrodynamic conditions on scour around a 
monopile. Sumer and Fredsoe (2002) and 
Whitehouse (1998) provide comprehensive summar-
ies of this research. While scour induced by a verti-
cal cylinder has been extensively researched and 
provided an understanding of the key hydrodynamic 
processes influencing scour, often offshore founda-
tions are used which are composed of more complex 
geometries such as cones and different diameter 
composite cylinders.  
The complexity of local scour around non-
uniform cylindrical structural geometries is ex-
plained by the strong three dimensional nature of the 
flow-structure interaction (i.e. horseshoe vortex gen-
eration, vortex shedding and downflow). Research in 
the flow-structure-sediment interaction for these 
types of structure is rather more recent than for 
monopiles, with relatively few studies being report-
ed in literature, most of which having been conduct-
ed for bridge piers in rivers for composite cylindrical 
based structures. The effect of composite structural 
geometries was first investigated by Chabert and 
Engeldinger (1956) who examined the influence a 
larger diameter foundation footing has on scour; 
their results showed that the equilibrium scour depth 
was significantly reduced when the footing was be-
low the original bed level. Khalfin et al. (1983) con-
ducted a series of experiments around Gravity Based 
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Foundations (GBFs) with cylindrical and conical ba-
ses and concluded that the scour processes between 
the two types of structure are fundamentally differ-
ent. Specifically, the scour hole of the conical struc-
ture tended to be more elongated and scour deeper at 
the lee.  Tsujimoto et al. (1987) conducted an exper-
imental investigation on the effect non-cylindrical 
geometries have on scour and showed that scour was 
reduced for certain geometries. Jones et al. (1992) 
and Parola et al. (1996) conducted a series of exper-
iments for piles installed on top of rectangular piles. 
They found that the equilibrium scour depth is 
strongly influenced by the emergent height of the 
base footing and the orientation of the rectangular 
footing. Melville and Raudkivi (1996) and Coleman 
(2005) investigated non-uniform cylinders; among 
their finding they showed that the ratio of Dshaft / 
Dbase and hbase / Dbase are controlling parameters for 
the equilibrium value of scour, in addition to the 
other parameters that effect monopiles. They also in-
troduced the concept of non-dimensionalising scour 
using an equivalent diameter length scale which is 
calculated using an empirical relationship.  Moreno 
et al. (2015) recently examined the effect that differ-
ent structural parameters of cylindrical based struc-
tures have on the temporal evolution of scour and 
concluded that the rate of scour is associated with 
the progressive physical presence in the scour hole 
evolution of one, two, or three structural components 
of the non-uniform cylindrical pier. 
The aim of the experimental test programme de-
scribed here is to provide an insight to the influence 
of five different types of structures on the maximum 
potential scour depth (equilibrium scour depth as-
suming infinitely deep skirts) and also to understand 
the effect the water depth and particle mobility ratio 
(U / Uc) has on the equilibrium scour and scour de-
velopment. The outcomes of the tests can then be 
used for the estimation of the skirt depths required 
by GBFs. 
3 SCOUR TEST SET-UP 
In order to investigate the impact of non-uniform cy-
lindrical foundation geometries on scour, a series of 
laboratory tests were conducted in the reversing cur-
rent flume at University College London (UCL). 
The tests were designed in order to provide an initial 
insight to the scour processes involved, and enabling 
important features to be determined for further in-
vestigation at larger scale. 
All test were conducted at a clear water scour re-
gime under the forcing of a unidirectional current in 
order maintain a simple hydrodynamic regime for 
the tests. This also avoided the formation of bed fea-
tures upstream of the test section which would lead 
to the general lowering of the initial bed and there-
fore complicate the determination of the scour depth.  
Maintaining the same Froude number simultaneous-
ly with the U / Uc  in both prototype and model con-
ditions was not possible, as this would lead to small 
model flow velocities which would require sediment 
particles with D50 < 60 μm (i.e. cohesive soils) in 
order achieve initiation of scour. 
3.1 Experimental Facilities 
In this experimental programme the tests were run in 
a flume 10 m long, 0.5 m deep and 0.3 m wide. A 
false bed was installed 0.1 m above the existing 
flume base with a 2 m recess at the middle which 
served as a sand pit where scour could develop 
freely (see figure 1). Test structures were placed in 
the centre of the flume at a distance approximately 
4.5 m from the flume entrance. The flow velocity 
and water depth were controlled through an over-
head tank and a weir gate which was located at the 
end of the flume. 
3.2 Instrumentation 
Two quantities were measured in these experiments: 
 Equilibrium scour depth. 
 The time development of the maximum scour 
depth 
Scour depth was monitored using a camera which 
captured time-lapse images every 15s. The camera 
was installed at a steep angle adjacent to the glass 
sidewall of the flume. In order to measure the scour 
depth adjacent to the structure more clearly the bur-
ied portion of the foundation was marked at 5 mm 
intervals. 
The total discharge of the flume was determined 
as a function the height of a weir and the discharge 
released by the overhead tank. In order to obtain the 
desired flow conditions full profile measurements of 
the flow were taken using a Laser Doppler Veloci-
tymeter (LDV) at the centre of the test section. Once 
the desired flow conditions were obtained the exper-
iments were then started.  Non-dimensionalised pro-
file measurements of the flow conditions used in 
these experiments are shown in figure 2. 
 
 
Figure 1: False bed set up (top: top-view; bottom: side-view). 
 
 
To avoid scaling issues due to the sediment size to 
pile diameter ratio, two sediment sizes were used in 
the experiments; these were selected in accordance 
with Dbase / D50 > 50 (Chiew, 1984). The flow depths 
were also selected such that the blockage effects 
could be neglected according to Whitehouse (1998). 
In order to smooth the sand bed the structure was 
separated into two components. The base extended 
from the base of the flume up to the height of the 
false bed. This allowed the smoothing of the bed all 
the way to the edge of the structure toe. Once the 
bed was prepared the flow depth and velocity were 
increased to the desired level and the top part of the 
structure was then screwed onto the base, which al-
lowed the immediate start of the experiment at the 
desired flow velocity, while causing the minimal 
disturbance of the bed. 
 
 
Figure 2: Non-dimensional flow profiles of tests 
3.3 Structure geometries 
In order to investigate the influence of structural ge-
ometries on the scour development six different 
structures were tested in this test programme. These 
include a truncated cylinder, a cylindrical base struc-
ture which for the purpose of the analysis that will 
be presented in the following sections is regarded as 
a structure with a side slope of 0°, three conical base 
structures of side slopes of 45°, 60° and 75°, and one 
monopile structure with diameter equal to the base 
diameter of the non-uniform cylindrical structures 
which is considered for the purpose of this paper a 
structure of 90° (see figure 3). 
The geometries presented in this section are rep-
resentative of a range of structure types that have 
been used in the offshore wind industry. The latter 
five structures shown in figure 3 enabled the evalua-
tion of the effect the side slope of a structure has on 
the scour processes, while the truncated cylinder al-
lowed the evaluation of the effect the cylindrical 
component of the base of the structures has. 
 
Figure 3: Structure geometries tested in the experimental pro-
gramme. 
4 EXPERIMENTAL DATA AND RESULTS 
 
Table 1: Flow conditions and results. 
Exp. No. Structure Type U h U/Uc h/D Re Fr S/Douter S/Deq
(-) (-) (m/s) (m) (-)  (-)  (-)  (-) (-) (-)
1.0 Truncated 0.20 0.165 0.73 3.67 8775 0.15 0.20 0.75
1.1 Cylindrical base 0.20 0.165 0.73 3.67 8775 0.15 0.55 1.45
1.2 45 deg conical base 0.20 0.165 0.73 3.67 8775 0.15 0.80 1.90
1.3 60 deg conical base 0.20 0.165 0.73 3.67 8775 0.15 0.95 2.00
1.4 75 deg conical base 0.20 0.165 0.73 3.67 8775 0.15 1.13 2.30
1.5 Uniform cylinder 0.20 0.165 0.73 3.67 8775 0.15 1.35 1.35
1.6 Truncated 0.20 0.165 0.88 3.67 9000 0.16 0.73 2.75
1.7 Cylindrical base 0.20 0.165 0.88 3.67 9000 0.16 1.16 3.05
1.8 45 deg conical base 0.20 0.165 0.88 3.67 9000 0.16 1.27 3.01
1.9 60 deg conical base 0.20 0.165 0.88 3.67 9000 0.16 1.31 2.76
1.10 75 deg conical base 0.20 0.165 0.88 3.67 9000 0.16 1.38 2.80
1.11 Uniform cylinder 0.20 0.165 0.88 3.67 9000 0.16 1.73 1.73
1.12 Truncated 0.24 0.165 1.00 3.67 10665 0.19 1.02 3.83
1.13 Cylindrical base 0.24 0.165 1.00 3.67 10665 0.19 1.49 3.93
1.14 45 deg conical base 0.24 0.165 1.00 3.67 10665 0.19 1.49 3.54
1.15 60 deg conical base 0.24 0.165 1.00 3.67 10665 0.19 1.56 3.27
1.16 75 deg conical base 0.24 0.165 1.00 3.67 10665 0.19 1.64 3.35
1.17 Uniform cylinder 0.24 0.165 1.00 3.67 10665 0.19 1.96 1.96
1.18 Truncated 0.24 0.165 0.88 3.67 10575 0.18 0.76 2.83
1.19 Cylindrical base 0.24 0.165 0.88 3.67 10575 0.18 1.18 3.11
1.20 45 deg conical base 0.24 0.165 0.88 3.67 10575 0.18 1.28 3.03
1.21 60 deg conical base 0.24 0.165 0.88 3.67 10575 0.18 1.32 2.78
1.22 75 deg conical base 0.24 0.165 0.88 3.67 10575 0.18 1.39 2.83
1.23 Uniform cylinder 0.24 0.165 0.88 3.67 10575 0.18 1.76 1.76
1.24 Truncated 0.26 0.165 0.99 3.67 11880 0.21 0.96 3.58
1.25 Cylindrical base 0.26 0.165 0.99 3.67 11880 0.21 1.36 3.57
1.26 45 deg conical base 0.26 0.165 0.99 3.67 11880 0.21 1.49 3.54
1.27 60 deg conical base 0.26 0.165 0.99 3.67 11880 0.21 1.53 3.23
1.28 75 deg conical base 0.26 0.165 0.99 3.67 11880 0.21 1.62 3.30
1.29 Uniform cylinder 0.26 0.165 0.99 3.67 11880 0.21 1.91 1.91
2.0 Truncated 0.20 0.1 0.90 2.22 8820 0.20 1.11 4.17
2.1 Cylindrical base 0.20 0.1 0.90 2.22 8820 0.20 1.24 3.28
2.2 45 deg conical base 0.20 0.1 0.90 2.22 8820 0.20 1.38 3.27
2.3 60 deg conical base 0.20 0.1 0.90 2.22 8820 0.20 1.49 3.13
2.4 75 deg conical base 0.20 0.1 0.90 2.22 8820 0.20 1.60 3.26
2.5 Uniform cylinder 0.20 0.1 0.90 2.22 8820 0.20 1.70 1.70
2.6 Truncated 0.20 0.1 0.75 2.22 8820 0.20 0.84 3.17
2.7 Cylindrical base 0.20 0.1 0.75 2.22 8820 0.20 0.91 2.40
2.8 45 deg conical base 0.20 0.1 0.75 2.22 8820 0.20 1.02 2.43
2.9 60 deg conical base 0.20 0.1 0.75 2.22 8820 0.20 1.16 2.43
2.10 75 deg conical base 0.20 0.1 0.75 2.22 8820 0.20 1.24 2.53
2.11 Uniform cylinder 0.20 0.1 0.75 2.22 8820 0.20 1.49 1.49  
 
 
The structures shown in figure 3 were subjected to a 
range of different flow conditions which are present-
ed in table 1. The first set of experiments were con-
ducted at a water depth (h) of 0.165m at mean flow 
velocities of 0.20, 0.24 and 0.26m/s with two differ-
ent types of granular soil of nominal diameters of 
0.2mm and 0.6mm. However, the 0.26m/s flow ve-
locity was not tested against the 0.2mm nominal sed-
iment diameter as that would result in scour in the 
live bed regime. In order to investigate the influence 
of the water depth on the scour process a second set 
of experiments were conducted at a smaller depth of 
0.1m for a mean flow velocity of 0.20m/s for both 
sediment types mentioned above. 
 
4.1 Initiation of scour around non-uniform 
cylindrical structures 
During the initial stages of the scouring process the 
uniform cylinders showed a different behaviour 
compared to the conical based structures. For the 
conical base structures the scour process initiates at 
the lee of the structure at an angle approximately 
120° relative to flow direction (see figure 4). The 
deepest scour then gradually propagates towards the 
upstream of the structure and reaches the leading 
face of the structure and then the deepest scour point 
stabilizes at a location adjacent to the structure at an 
angle approximately 45° relative to the flow direc-
tion. This point of initiation of scour agrees with the 
findings of Tavouktsoglou et al. (2015) who found 
that the maximum amplification of the bed shear 
stress occurs at the same location for all conical 
based structures which also agrees with the observa-
tions of Khalfin et al. (1983) who observed that the 
maximum scour for some conical structures oc-
curred at the lee of the structure. This behaviour is 
also reported in Petersen (2014) who examined the 
behavior of edge scour around protected piles with 
the difference that the maximum scour depth did not 
move towards the front of the scour protection 
scheme. 
This behaviour can be explained by the presence 
of the conical base (which is composed of a cone 
imposed onto a cylinder) which effectively inter-
rupts the formation of the horseshoe vortex at the in-
itial stages of the scour process, thus making it vor-
tex-shedding dominated. Once the scour reaches the 
leading face of the structure then the horseshoe vor-
tex gains more strength as a results of the greater 
depth it has to act, therefore making it a horseshoe 
vortex-dominated process which explains the shift of 
the maximum depth of scour to the same location 
where it occurs for a monopile. 
4.2 Temporal evolution of scour 
In figure 5a the results are shown for the temporal 
evolution of the non-dimensional maximum scour 
for each structure type at a mobility ratio of 0.74 and 
water depth of 0.165 m. The scour depth is non-
dimensionalised by the equivalent pile diameter as 
proposed by Coleman (2005) which is a weighted 
depth averaged structure diameter defined as: 
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where Y is the height of the foundation base taken as 
the height from the bed up to the top of the conical 
base. 
In figure 5-b the same results are non-
dimensionalised by the diameter of the base. The 
two figures demonstrate that the different structure 
types not only yield different rates of scour but also 
show evidence that the scour rate for certain non-
uniform cylindrical structures decelerates and accel-
erates at different stages as a consequence of the dif-
ferent hydrodynamic responses of the structures. 
Figure 5a also illustrates that the monopile structure 
follows the least rapid scour rate from all other sur-
face piercing structures which on physical grounds 
does not stand, as a uniform cylinder is expected to 
alter the most the pressure gradient field and thus 
generate the most scour. This irregularity in inter-
preting the non-dimensional data of scour can be 
overcomed by non-dimensionalising scour with the 
base diameter of the structure which yields a relation 
with time which has a more intuitive physical mean-
ing. 
 
 
Figure 4: : Initiation of scour at 45° conical base structure 
(top), bed shear stress amplification contour map for same 
structure (bottom); flow direction from left to right. 
 
 
Figure 5: Non-dimensionalisation of scour with base diameter (a - left) and equivalent diameter (b - right) 
 
 
Figure 6 demonstrates the influence of the ratio  
U / Uc on the scour development for three repre-
sentative structures tested in this study (cylindrical 
base, 60° conical base and uniform cylinder). It can 
be observed that an increase in the mobility ratio 
yields an increase in the rate of scour and equilibri-
um scour depth which is in accordance with the find-
ings of Breusers et al., (1977) for uniform cylinders. 
 The present data also show that for the cases 
where U / Uc is constant (or has a similar value) an 
apparent deceleration in the scour rate is observed as 
it approaches its equilibrium stage for the cases 
where the coarser bed material is used. This deceler-
ation effect is decreased as the blockage induced by 
the structure increases and as the mobility ratio in-
creases. It is noted that according to Raudkivi and 
Ettema (1983) the effects of bed armouring are min-
imal as the geometric standard deviation of the sed-
iments presented here are minimal since the σg for 
the fine sand is 1.1 and for the coarser 1.3.  
Figure 6 also shows the effect the side slope of 
the structure has on the development of scour. It can 
be observed that as the side slope of a structure in-
creases, the rate of scour also increases which is a 
result of the local amplification of the pressure gra-
dient due to the increased obstruction.  
 
 
 
Figure 6: Influence of U / Uc on scour development for three different structure geometries. 
 
 
Figure 7: Observed scour depth at cylindrical based pier before 
undercutting the base cylinder 
 
The present experiments also suggest that the ge-
ometry of the foundation plays an important role 
with regards to the shape of the scour hole. Figure 7 
shows that for a cylindrical base structure at low 
mobility ratios (U / Uc < 0.8) the scour hole did not 
extent around the periphery of the structure. The 
scour process eroded sediment from the upstream 
face of the structure and deposited it at the lee. This 
behaviour has also been reported by Briaud et al. 
(2004) and Ataie-Ashtiani et al. (2010). Consequent-
ly, it can be stated that the shape of the footing plays 
an important role which should be considered when 
investigating scour phenomena and particularly 
scour protection schemes. 
4.3 Equilibrium scour depth 
The results of this study show that the equilibrium 
scour depth around non-uniform cylindrical geome-
tries is strongly affected by the flow depth. Figure 9 
demonstrates this effect for two different flow condi-
tions with a mobility ratio of 0.88-0.90 (top) and 
0.73-0.75 (bottom). Both figures show an increase in 
the equilibrium scour depth for all non-uniform cy-
lindrical geometries while for the range of condi-
tions tested in this study the uniform cylinders do 
not seem to be affected by the water depth which 
agrees with the findings of Melville and Sutherland 
(1988) for monopiles. The behaviour of both types 
of structures can be explained in terms of the local 
change in the pressure gradient as follows: 
 In the case of non-uniform cylindrical struc-
tures a decreasing flow depth while the mean 
flow velocity remains constant results in a 
larger portion of the flow interacting with the 
wider diameter base of the structure. This 
translates into an increase in the local pres-
sure field induced by the structure which is 
responsible for the amplification of the bed 
shear stress which is the driver of the scour 
phenomenon. This is clearly indicated in 
Figure 8 which shows that there is clear cor-
relation between the values of the equilibri-
um scour depth and the amplification of the 
bed shear stress as shown in Tavouktsoglou 
et al, 2015.  
 For the uniform cylinder, the effect of a de-
creasing flow depth is not as apparent as the 
total flow interacting with the cylinder re-
mains very similar thus not effecting the 
scour process significantly as long as the wa-
ter depth is not in the “shallow water scour” 
regime Guo et al. (2012). 
Figure 9 also shows that an increasing side slope 
of a structure results in deeper equilibrium scour 
depths. In addition it can be concluded, that for the 
cylindrical based structures tested in these experi-
ments the equilibrium scour depth is not solely driv-
en by the cylindrical footing. Comparison between 
the values of equilibrium scour depth of the truncat-
ed cylinder and cylindrical based structure show that 
the latter structure type yields equilibrium scour 
depths which are 7 % and 36% greater than that of 
the truncated cylinder with the same height of emer-
gence, depending on the given flow conditions and 
sediment type. The data suggest that the difference 
between the equilibrium scour of the two structures 
increases as the water depth increases, which is in 
line with the notion of increased pressure gradients 
as described in the previous paragraphs. These 
points suggest that the scouring process is not solely 
dependent on the horseshoe vortex formed by the 
footing of the structure, but is also influenced by the 
shaft of the structure which contributes to the in-
crease of the pressure gradient and therefore increas-
es the equilibrium scour depth.  
 
Figure 8: Comparison between results of equilibrium scour 
from present tests and amplification of the bed shear stress 
(Source: Tavouktsoglou et al., 2015). 
 
The results also demonstrate that the equivalent 
diameter is not effective in describing the equilibri-
um scour depth for the structure geometries tested in 
this study. Figure 10 shows the same results as in 
figure 9 with the difference that the scour depths are 
non-dimensionalised by the equivalent diameter in-
stead of the base diameter. It can be seen that non-
dimensionalising the equilibrium scour depth with 
the equivalent diameter yields unrealistically high 
non-dimensional scour depths in most cases and par-
ticularly in the case of submerged/truncated cylin-
ders.  
 
 
 
 
 
Figure 9: Influence of water depth on equilibrium scour depth for different structure types (non-dimensionalised by base diameter of 
the structure) 
 
Figure 10: Influence of water depth on equilibrium scour depth for different structure types (non-dimensionalised by equivalent 
structure diameter) 
 
 Given that the scale at which these experiments 
have been conducted is significantly small, it is ex-
pected that the non-dimensional scour depths in-
cluded in this study may be subject to scale effects 
associated. According to Schlichting (1979) the size 
of the boundary layer is proportional to the 1/ln(Re) 
which means that the overall turbulence induced by 
the flow structure interaction would decrease as the 
Reynolds number increases. In addition Achenbach 
(1968) showed that an increasing Re forces the sepa-
ration point on the face of the structure to shift fur-
ther to lee of the pile which also would result in a 
decrease in the sediment transport capacity of the lee 
wake vortices and thus decrease the overall scour 
potential. This shows that Re could account for some 
scale effects that results in smaller scour depths for 
larger scale structures. Designers should therefore 
account for this effect when incorporating the results 
included in this study. 
5 CONCLUSIONS 
In this study the influence of non-uniform cylindri-
cal structural geometries on the time development 
and equilibrium scour depth is examined through a 
series of small scale experiments. The main findings 
of the study are summarized below: 
 Initiation of scour around conical based struc-
tures occurs at an angle 120° relative to flow  
direction which differs from that of mono-
piles which occurs at 45°. 
 With regards to the temporal evolution of 
scour it has been concluded that the non-
uniform cylindrical structural geometries 
should not be translated into a uniform cylin-
der with an equivalent diameter for two rea-
sons: 
i. The individual elements of the structure 
cause temporal accelerations and/or de-
celerations which cannot be captured if 
the structure is considered as an equiva-
lent cylinder. 
ii. The equilibrium scour depth and therefore 
also the time development of scour depth 
is highly susceptible to changes in water 
depth which is not the case for uniform 
cylinders.   
iii. The rate of scour is dependent on the side 
slope of the structure, with steeper side 
slopes increasing the scour rate and the 
equilibrium scour depth. 
iv. For the same mobility ratio, coarser sedi-
ments tend to slow the scour process as it 
approaches the equilibrium stage. This 
slowing effect is reduced as the side 
slope (blockage effect induced) of the 
structure increases and as the mobility ra-
tio increases. 
 Comparison of the data obtained in this study 
shows a correlation with the amplification of 
the bed shear stress. This improves the un-
derstanding of scour development around 
non-uniform cylindrical structures. 
 The results from these experiments suggest 
that an increasing side slope of a structure 
induces greater bed shear stress amplification 
and thus yield greater equilibrium scour 
depths. 
 Equilibrium scour depth for cylindrical based 
structures differs from that of truncated cyl-
inders. The difference suggests that the scour 
process is influenced by the adverse pressure 
gradient induced by both elements of the 
structure (footing and shaft) and not only by 
the footing element.   
 Further work is required in order to further 
understand the influence non-uniform cylin-
drical structure geometries have on the equi-
librium scour depth. Further investigations 
will focus on examining the influence the 
pressure gradient induced by the structures 
have on the equilibrium scour depth in order 
to create a functional relation which can pre-
dict the equilibrium scour depth for these 
kinds of structures.  
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